when data for the great apes are included in the analysis. They also show that the chimpanzee prefrontal cortex is greater than expected for a monkey with a similar sized cortex. We discuss possible functional consequences.
Introduction
There has been no agreement as to whether either the frontal lobes [Semendeferi et al., 2002; Barton and Venditti, 2013] or the prefrontal cortex in particular [Deacon, 1997; Holloway, 2002] are especially enlarged in the human brain. One way to find out is to fit a regression line through the values for non-human primates and so calculate the size expected for a hypothetical primate with as large a neocortex [Passingham, 1973] . The difference between the predicted and actual value can then be assessed to see if it is statistically significant.
There are three reasons why the issue is still not settled. The first is the poverty of the datasets. The second is uncertainty as to which non-human primates form the most appropriate comparison. The third is lack of agreement on the part of the brain with which to compare the prefrontal cortex.
The reason for the lack of extensive data is that the prefrontal cortex should be defined on the basis of cytoarchi-tecture [Passingham and Wise, 2012] . It is distinct from the neighboring premotor and motor cortices in having a distinct fourth granular layer [Mackey and Petrides, 2010] . Thus, a practiced eye is needed to distinguish the layers under a light microscope, and so the task of comparing the prefrontal cortex in many species is very laborious indeed. This has meant that there are only three datasets based on a cytoarchitectonic analysis.
The first comes from Brodmann [1913] and is for the granular prefrontal cortex as a whole. The data are tabulated in Elston [2007] . Unfortunately, it is a limitation that values are given for only one individual for each of the non-human primate species. This matters because there can be considerable variation among individuals [Semendeferi et al., 2002] . The sample for this dataset includes human, chimpanzee, gibbon and 7 monkeys.
The second dataset comes from Semendeferi et al. [2001] . This is for the frontopolar cortex (area 10) alone. It also provides values for apes, but not monkeys. However, it too gives values for only one individual for each species.
The third dataset comes from Smaers et al. [2011] . They defined the frontal lobe based on cytoarchitectonic criteria as the border between areas 3 and 4. They avoided defining the posterior border of the prefrontal cortex by dividing the frontal lobe into 20 sections and then taking volume 5, reading back from the frontal pole, as being certain to lie within the prefrontal cortex. They then demonstrated that the results were the same if they considered volumes 4-10. The dataset provides information on white and gray matter, and does so separately for each hemisphere. It covers 10 humans, 4 great apes, gibbon and 13 monkeys. The data for non-human primates provide values for one individual for each species.
Not only are the data limited, but there is also the further problem that it is not clear which primates form the most appropriate comparison. One could assess the human prefrontal cortex against the values for all anthropoids, that is monkeys and apes, or for the great apes alone. Our nearest relatives are great apes. We shared a common ancestor with monkeys 23 or more million years ago, but with chimpanzees between 5 and 7 million years ago [Kumar et al., 2005] . However, while it is possible to gather data on the great apes by scanning them with MRI [Rilling and Seligman, 2002] , it is not yet possible to delineate cytoarchitectonic areas on the basis of MRI scans, though there is hope for the future that areas might be delineated on the basis of their myelin content [Glasser et al., 2013] .
We suggest that the most appropriate comparison group depends on the question to answer. When investigating whether humans follow primate predictions, the best baseline comparison is that with non-human primates. When investigating whether great apes follow primate predictions, the best comparison is that with monkeys [Smaers, 2013] . We have included the gibbon in the regression with the monkeys in the current study because the values for the gibbon are well within the range for monkeys.
The final issue is the most critical. It has been usual to compare the prefrontal cortex either with the rest of the neocortex [Passingham, 1973] or with the rest of the brain [Semendeferi et al., 2001] . While this will tell us whether the prefrontal cortex is enlarged, it is not sufficient to tell us whether it is the only area that is enlarged. It could be that some other area, for example the parietal association cortex, is also enlarged. We therefore make two comparisons. First, we compare each area with a common reference point, the primary visual cortex. Second, we compare the association areas with each other.
In the present paper we have chosen to use the size of the primary visual or striate cortex as a common reference. It would have been better to use the size of all the primary sensory areas together as they provide the cortical inputs to the nonprimary areas. These areas have a characteristic cytoarchitecture in that they have a very well-developed fourth layer with many small granule cells. This is true 'koniocortex'. Though we have measures for koniocortex, it is only for five haplorhines including humans [Shariff, 1953] .
It could be objected that if the values for striate cortex are plotted against brain size, the human striate cortex is smaller than expected for a primate with a brain as large [de Sousa et al., 2010] . However, there are two possible interpretations. The first is that the striate cortex is indeed too small. The second is that it is the rest of the brain that is expanded. The only way to find out is to assess the striate cortex against some other reference point. This can be done by plotting the striate cortex either against body size or against the size of the lateral geniculate nucleus. The human striate cortex is as predicted for a primate of the same body size [Passingham, 1973] and it is also as predicted for a primate with the same size of lateral geniculate [Bush and Allman, 2004] . This is also true of all the primary sensory areas. The human value for koniocortex as a whole is as predicted for a primate of the same body size [Passingham, 1975] . Unfortunately, we have no measure for motor cortex on its own, but the size of the human pyramidal tract is as expected for a primate of our size [Passingham, 1981] . We may conclude that in the human brain the primary sensory and motor areas scale with our body weight. The association cortex is the 'eulaminate cortex' [Bailey and von Bonin, 1951] , and it is the eulaminate cortex that is much more extensive than expected for a primate of our body size [Passingham, 1975] .
The advantage of using the primary sensory cortex as a reference point is that there is a theoretical justification for doing so. The body surface, including the retina, is mapped onto primary sensory areas [Kaas, 1997] . In turn, the representations in these areas are mapped onto secondary areas and then onto association areas. So, for example, in the ventral visual system V1 projects to the secondary areas V2 and V4, and V4 projects in turn to the inferotemporal cortex [van Essen, 2005] . Within this stream there is a hierarchical analysis such that the optimal stimulus becomes more complex [Desimone and Schein, 1987] and more object like [Tanaka, 1993] . Thus, the processing capacity of the ventral visual system can be assessed by relating the amount of tissue in higher areas that is available for analyzing the sensory information that is represented in the primary visual cortex. We call this the 'remapping factor' by analogy with the cortical magnification factor in the visual cortex [Cowey and Ellis, 1969] .
Methods

Samples
We analyzed the only two datasets that provide information on total prefrontal cortex volume based on cytoarchitectonic criteria. Brodmann [1913] used cytoarchitectonic criteria only and provided information on the granular frontal cortex, agranular cortex, total neocortex and striate cortex (mm 2 ). Unfortunately, Brodmann did not provide separate values for the motor cortex and the premotor areas. The latter comprise the premotor, supplementary motor, presupplementary motor and cingulate motor areas. In this paper we use the term 'frontal motor areas' to refer to the combination of these areas. The data that we take from Brodmann are for 6 of the 7 monkeys, the gibbon, the chimpanzee and 1 human. We have not used the data for the guenon in the Brodmann dataset because he does not give a striate cortex value for this animal. Smaers et al. [2011] provide a more complete comparative sample. As already mentioned, it includes values for 13 monkeys, gibbon, orangutan, gorilla, bonobo, chimpanzee and human. This dataset relies on the cytoarchitectonic delineation of the frontal lobe as the border between area 3 and 4, using six cytoarchitectonic criteria: cell shape (absence vs. presence of pyramidal and elongated Betz cells); cell density (high vs. low); cell size (small vs. large); granular layer IV (present vs. absent); border between white and gray matter (sharp vs. diffuse), and lamination (sharp vs. diffuse) [for more information, see Smaers et al., 2010] . As explained in the introduction, the sections are then measured at intervals from the frontal pole [Smaers et al., 2010 [Smaers et al., , 2012 . The supplementary material gives an example of this delineation procedure and the cytoarchitectonic delineation of the border between area 3 and 4 (see suppl. material; see www.karger.com/doi/10.1159/000365183 for all online suppl. material). The figures presented in the main text relate to analyses using the 5th section interval. The reason why the 5th section interval is displayed here is because this section interval is certain to include the prefrontal cortex volume and lies prior to an observed shift at the 8th section interval in white-to-gray matter ratio in apes . Importantly, scaling results for all other section intervals (4th, 6th, 7th, 8th, 9th and 10th) give similar results (see suppl. material). The individuals used in the Smaers dataset come from a collection of serial histological sections housed at the Vogt Institute for Brain Research .
To subdivide the neocortex into as many relevant areas as possible, we complemented the Brodmann and Smaers datasets with additional information from the literature. Using Brodmann's own data on total neocortex, striate, prefrontal and premotor cortex plus motor cortex, we calculated the nonfrontal cortex, and by subtracting the values for striate cortex we estimated the areas for the temporal plus parietal plus prestriate cortex.
To further subdivide this area we used information on the temporal and superior temporal cortex from another dataset [Rilling and Seligman, 2002] . From this we were able to calculate values for the inferotemporal cortex. In the human and chimpanzee brain this measure includes the middle and inferior temporal gyrus. We then used values for striate cortex given by Brodmann where available for the species in the Rilling dataset. To arrive at an estimate of the parietal cortex we used the data on the nonfrontal cortex from Brodmann and the data on the temporal cortex from Rilling and Seligman. By subtracting the temporal from the nonfrontal cortex and then subtracting the striate cortex we were able to arrive at an estimate of the parietal plus prestriate cortex. We acknowledge that these analyses are approximate as the individuals for any species in the Brodmann and Rilling datasets are not the same and there is variation among individuals.
To complement the Smaers dataset we used information on frontal and neocortical gray matter from Smaers et al. [2010] to calculate the nonfrontal cortex; that is temporal plus parietal plus prestriate plus striate. We then used volumes of striate gray matter from Frahm et al. [1984] and de Sousa et al. [2010] to calculate the nonfrontal minus striate cortex. The data used for these calculations come from the same individuals, all from the collections in the Vogt institute .
Statistical Methods
We use phylogenetic generalized least squares (PGLS) analysis with a likelihood-fitted lambda model [Orme et al., 2012] to fit a regression line to the data. The reason for this is that, if standard linear regression is used, the slope drawn through closely related species may appear to be shallower than the slopes drawn through distantly related species [Kelly and Price, 2004] . To correct for this, the statistical method must take into account the error structure expected given the phylogenetic relatedness of the species studied. PGLS incorporates this error structure by weighting observations according to a variance-covariance matrix of relative phylogenetic distance between species; this is independent of the depth of the inferred root of the tree. PGLS is thus a standard regression in which the estimates of the scaling coefficients are calculated based on weighted observations [Rohlf, 2001] .
Confidence intervals of PGLS scaling coefficients should be calculated using the standard procedures, that is scaling coefficient ±1.96 SE for the population, with the t score ('1.96') adjusted for the respective degrees of freedom [Rao and Toutenburg, 1999] . Because our primary focus is to test whether particular species indicate a higher than expected value for particular brain areas, we focus our analysis on the confidence interval of the intercept only. This procedure adequately describes the occurrence of grade shifts and has become commonplace in similar analyses [Barton and Harvey, 2000; Barton and Venditti, 2013] .
It is a limitation of the present study that, with so few values through which to plot regressions, the 95% confidence limits are very wide. As a consequence, even when the absolute difference between the predicted and obtained values is large, it is not always statistically significant. This limitation reflects the uncertainty of model predictions based on small sample size and raises the question as to whether, when dealing with such small samples, statistical cut-offs mask potentially biologically meaningful changes [Sherwood and Smaers, 2013] . In the text we therefore give the ratios of observed to predicted values and also state whether the differences are statistically significant. Where the differences are large but not significant they should be treated as hypotheses that await testing with more adequate samples.
Results
We distinguish three issues. The first is which, if any, areas within the association cortex are enlarged in the human brain, and to tackle this we used the striate cortex as a reference point. The second issue is whether the prefrontal cortex is especially enlarged, and to find out we compared it with other neocortical areas. The final issue is what the consequences of such an enlargement are in terms of processing capacity, and we assessed this in terms of the remapping factors.
Predictions on the Basis of Primary Visual Cortex
We first fitted regression lines through the data for different brain areas on a log-log scale, using the striate cortex as a common reference point. Figure 1 shows the results for the Brodmann ( fig. 1 a-c) and Smaers ( fig. 1 d- fig. 1 a, d ), the frontal motor areas ( fig. 1 b, e), and nonfrontal minus striate cortex relative to the striate cortex ( fig. 1 c, f) . Values for the Brodmann dataset refer to cortical surface area; values for the Smaers dataset to cortical gray matter volume. The values for the slopes of the regression lines are given in table 1 .
Given the unreliability of fitting a regression line through the four values for the great apes, the line through all the non-human anthropoids in the Smaers dataset provides the most rigorous test of whether the human values are or are not as predicted when the values for great apes are taken into account. The regression line through monkeys plus gibbon provides a test of whether great apes are or are not as predicted considering other primates.
The ratio of the observed to predicted values are given in table 2 . The first analysis (top row of table 2 ) compares the prefrontal cortex with the value predicted on the basis of the striate cortex. For the Smaers dataset the human value for the prefrontal cortex is greater than predicted (p < 0.05) on the basis of regression through the values for monkeys and the gibbon, and for the regression through the values for all non-human primates ( fig. 1 d) . The values for the great apes also differ significantly from those predicted for monkeys and the gibbon ( fig. 1 d; table 2 ). Because the Smaers dataset is comprised of cumulative volumes along the frontal pole (see online suppl. material), we carried out separate analyses of each of the volumes from section intervals 4-10. The results are relatively stable over those volumes; they are presented in the online supplementary material.
For the Brodmann dataset, the ratios of observed to predicted values for the human and chimpanzee are comparable to those of the Smaers dataset, although both fail to reach significance ( fig. 1 a) . The human value in the Brodmann dataset, however, nears the 0.05 significance level (p < 0.07; fig. 1 a) , and would be significant if a onetailed analysis were adopted.
The next analyses (rows two and three of table 2 ) present the data for frontal motor areas and for the nonfrontal minus striate cortex. For the Smaers dataset, both these areas are significantly greater than predicted in the human brain. This is true whether the comparison is with monkeys and the gibbon alone or with the addition of the great apes. These areas are also significantly greater than predicted in great apes when considered in reference to monkeys and the gibbon. It is unfortunate that we do not have data for the premotor areas independently of the motor cortex so as to assess whether the finding for the frontal motor areas reflects an expansion of the nonprimary motor areas.
For the Brodmann dataset, the human nonfrontal cortex is significantly greater than predicted, though the value for the motor areas does not reach significance. The difference between the results for the two datasets is probably due to the difference in the slopes of the regression lines. The slopes are shown in table 1 . The slopes are isometric in the Smaers dataset, that is, the slopes do not differ significantly from 1. However, the slopes are hypermetric in the Brodmann dataset. The reason is that the slope in the Brodmann dataset is influenced by the inclusion of the marmoset as an outlier. If the value for the marmoset is excluded from the analysis of the Brodmann data, the slopes are no longer hypermetric, thus aligning with results from the Smaers dataset.
Human Prefrontal Cortex Compared with Other Areas
The previous analyses showed that the prefrontal cortex is larger than predicted, but that it is not the only area that is larger than predicted in the human brain. To explore whether the prefrontal cortex is more enlarged than other areas, we also regressed the prefrontal cortex relative to other neocortical areas ( fig. 2 ) . In these analyses, the comparison of the human residual value with the values for other areas informs us on whether the human prefrontal cortex is especially enlarged. The values for the slopes are given in table 1 .
For both datasets the human prefrontal cortex is greater than would be predicted for the frontal motor areas on the basis of the monkeys and gibbon ( table 2 ; fig. 2 a, c) . Furthermore, for the Smaers dataset the human prefrontal cortex is also greater than predicted even when the great apes are added. The asterisk indicates that the slope is significantly different from 1 (p < 0.05). MonkeyG = Monkey plus gibbon; NH = the 4 great apes. 2 show that for the Smaers dataset the human prefrontal cortex is also greater than predicted for the nonfrontal minus striate cortex. A more detailed analysis of the prefrontal to nonfrontal minus striate cortex regression across section intervals for the Smaers dataset (see online suppl. material) reveals that the human value is larger than predicted at a 0.05 significance level for the most anterior section intervals of the prefrontal cortex, with more posterior section intervals nearing significance levels between 0.05 and 0.10 (see online suppl. material). Ratios of observed to predicted values for these analyses are consistently between 1.20 and 1.56 across intervals. The human residual of the prefrontal to nonfrontal minus striate cortex did not reach significance for the Brodmann data ( fig. 2 b; p < 0.18). However, the ratio of observed to predicted value is 3.51 for the human and 2.05 for the chimpanzee ( table 2 ) .
Remapping Factors
The allometric results ( table 2 ) show the difference between the values for the human brain and those predicted for a primate matched either for the size of striate cortex ( fig. 1 ) or for that of other areas ( fig. 2 ) . Analyses of this sort can be considered as concerning developmental neuroanatomy. They tell us whether the changes in the pattern of development that would produce the neocortex of primate A rather than the neocortex of primate B could also produce the human neocortex. In other words, if the human value is as predicted, this suggests that the same developmental pattern is followed. These analyses concern how the human brain evolved.
The remapping factors ( table 3 ) show the difference between the amount of tissue in particular neocortical areas compared with their inputs or outputs. Analyses of this sort can be considered as concerning cognitive neuroscience. The assumption is that the greater the amount of tissue in relation to the inputs or outputs, the greater the processing capacity. We show the remapping factors for the macaque monkey, chimpanzee and human neocortex, but intend no suggestion that they form an 'evolutionary series'. The table gives the values for the Brodmann dataset. We present data for only three species for simplicity of presentation.
The analyses of remapping factors concern the effects of any changes in evolution. Irrespective of whether the human brain follows or does not follow a similar developmental course to that of other anthropoids, it is a separate question whether any changes had consequences for processing capacity.
When the remapping factors are assessed in relation to the primary visual input, the values for the nonprimary areas are between 2.57 and 4.14 times bigger in the human compared with the chimpanzee brain. When the remapping factor for the prefrontal cortex is assessed in relation to its parietal and temporal inputs, the value for the human brain is 1.57 times that for the chimpanzee brain. Unfortunately, our measure of the parietal and temporal cortex includes the primary areas SI, SII and the auditory cortex. However, the measure of inferotemporal cortex does not, consisting of the association cortex alone. The remapping factor for the human prefrontal cortex as assessed in relation to the inferotemporal cortex is 1.52 times that for the chimpanzee. This does not differ appreciably from the value as assessed in relation to the nonfrontal minus striate cortex.
When the remapping factor for the prefrontal cortex is assessed in relation to its outputs, the value for the human brain is 3.95 times that for the chimpanzee brain. However, motor cortex is included in the frontal motor areas, and this scales with body size. It is unfortunate that we do not have data for the premotor areas alone. It is likely that the remapping factor of prefrontal to premotor areas would be smaller.
Discussion
This paper has considered whether the prefrontal cortex is especially enlarged in the human brain. To answer this question we first compared the size of the prefrontal 163 cortex relative to the size of the striate cortex. The justification is that the striate cortex provides an input, and can therefore serve as a common reference point across species. To assess whether the prefrontal cortex is especially enlarged we compared the prefrontal cortex with the size of other association areas.
Is the Human Prefrontal Cortex Larger than Expected?
The results indicate that in both humans and great apes the prefrontal cortex is indeed larger than predicted on the basis of the primary visual cortex. For the Brodmann dataset, the human value is 9.64 times larger than predicted on the basis of data for the monkeys and gibbon (p < 0.07). The chimpanzee value is 2.38 times larger than predicted on the same basis. For the Smaers dataset, the human value is 8.10 times larger than predicted on the basis of the data for the monkeys and gibbon (p < 0.05). The chimpanzee value is 3.38 times larger than predicted, and the values are similar for the other great apes (p < 0.05).
We therefore propose that in relation to the prefrontal cortex there are three grades. The first constitutes the monkeys, and the gibbon does not appear to be distinct from this, the second constitutes the great apes and the third is represented by modern humans.
Is the Human Prefrontal Cortex Especially Enlarged Relative to Other Association Areas?
Though the previous section has established that the prefrontal cortex is especially enlarged in the human brain, it is clear that it is not the only area that is enlarged. For the Smaers dataset the motor areas are significantly enlarged. It is likely that, if we had separate measures for the premotor areas and primary motor cortex, the difference would lie in the premotor association areas.
For both datasets the human nonfrontal minus striate cortex is also significantly enlarged. It is unfortunate that our measure of nonfrontal minus striate cortex includes both the primary somatosensory and auditory cortex. However, we have no separate measure of these, and are therefore unable to subtract them so as to reach a purer measure of posterior association cortex.
For both the Brodmann and Smaers datasets the human prefrontal cortex is significantly enlarged relative to the motor areas. For the Smaers dataset it is also significantly enlarged relative to the nonfrontal minus striate cortex. For the Brodmann dataset the results for the latter comparison do not quite reach significance. However, the values for the residuals in the two datasets are similar, though not identical.
We suggest that one possible reason for any differences in the results for the two datasets concerns the slopes. The slope is isometric in the Smaers dataset ( table 1 ) and hypermetric in the Brodmann dataset ( table 1 ) . If the slope is hypermetric this will decrease the size of the residual for the human brain. However, we have shown that the slope for the Brodmann dataset is no longer hypermetric if the marmoset is excluded. That the marmoset should be excluded is suggested by studies of its prefrontal cortex. Unlike the squirrel monkey [Lewis et al., 1986] , for example, it does not have a distinct area 46 or 9 [Roberts et al., 2007] . In this respect it is similar to a prosimian, such as a bushbaby [Preuss and Goldman-Rakic, 1991a, b] .
There is another reason for relying on the results for the Smaers dataset. It has the advantage that it provides values for more monkeys and also for each of the 4 great apes. We mentioned in the introduction that it is not clear whether the proper reference group is anthropoids or the great apes in particular. For this reason table 2 shows the ratio of observed to predicted values both compared with the data for monkeys and the gibbon alone, and for the non-human anthropoids including the 4 great apes. The human prefrontal cortex is significantly enlarged on both analyses.
Comparison of our Results with Those in the Literature
We see four possible reasons why our conclusion differs from that of some other analyses in the literature. The first is that we have used measures of the prefrontal cortex whereas others have used measures of the frontal cortex as a whole [Semendeferi et al., 2002; Barton and Venditti, 2013] . It is clear from the work of Semendeferi and Damasio [2000] that the frontal, temporal and combined parietal plus occipital lobe form the same proportions of the cortex in the human as in the chimpanzee brain. However, if the chimpanzee brain is morphed so as to align with the human brain [Avants et al., 2006] it becomes clear that there has been an expansion of the association areas within each of these sectors in the human brain. Controlling for brain volume, there has also been a marked expansion in the anterior insula of the human brain when compared to the chimpanzee brain . These conclusions are supported by our own finding that the prefrontal cortex is greater in the human brain than predicted for an anthropoid matched for the size of the premotor plus motor cortex.
A second possible reason why our conclusion differs is that we have been careful to ensure that our measure is of the prefrontal cortex alone. We have done this either by using Brodmann's cytoarchitectonic data or by ensur- Passingham /Smaers Brain Behav Evol 2014; 84:156-166 DOI: 10.1159/000365183 164 ing that the volume measured is anterior enough to avoid the entire premotor cortex. Schoenemann et al. [2005] also took an anterior cut, but the level of their cut leaves open the possibility that the measure of prefrontal cortex in the great apes is an overestimate [Sherwood et al., 2005] because it includes some of the dysgranular frontal cortex [Passingham, 2008] . In the human brain, area 6 extends superiorly beyond the precentral sulcus [Geyer, 2004] , but the dysgranular frontal cortex extends much further in the chimpanzee brain [Bailey et al., 1950] .
A third possible reason for the difference concerns the comparison group. Semendeferi et al. [2002] used great apes as the comparison group. For the Smaers dataset, we were able to use regressions through the data for anthropoids, including the great apes, to show that the human prefrontal cortex is especially enlarged, but also to use data for monkeys and the gibbon to show that that the prefrontal cortex is also especially enlarged in great apes.
A final reason concerns the slopes of the regression lines. For the Smaers dataset the slopes for the regression lines for monkeys and the gibbons are isometric. However, in the study by Semendeferi et al. [2001] of the frontopolar area 10, the slope is strongly hypermetric. In that case the line is fitted through the values for the gibbon and 4 great apes, and is highly influenced by the value for the gibbon as an outlier. Our results are based on a broader comparative sample. They suggest that the gibbon can be considered as an outlier as an ape because it scales with monkeys, not great apes, and therefore constitutes part of a different grade.
Remapping Factors
It will be clear that, though the prefrontal cortex is enlarged in great apes and humans, so are other areas of the cortex. However, the analysis of the data for the human brain shows that this is not true of the primary sensory areas. As mentioned in the introduction, the striate cortex [Passingham, 1973] and koniocortex as a whole [Passingham, 1975] are as predicted for a primate our body size. It is the nonprimary areas that have expanded. The same point is made by the analysis of the distribution of myelin in the cortex [Glasser et al., 2013] . The higher-order association areas are less densely myelinated, and it is these that are especially expanded in the human compared with the chimpanzee brain.
There must be a consequence for processing capacity. Consider, for example, the analysis of visual information. The striate cortex projects via V2 and V4 to the inferotemporal cortex [van Essen, 2005] . Both the human brain and the chimpanzee brain have a middle as well as an inferior temporal gyrus [Passingham, 2008] , and yet the remapping factor is roughly three and a half times bigger in the human brain ( table 3 ) .
The striate cortex also projects via V3, MT/V5 and V6 to the parietal cortex [van Essen, 2005] . Unfortunately, we do not have a direct measure of the size of the parietal association cortex. The measure we have used of the nonfrontal minus striate cortex includes not only the prestriate cortex, but also SI and SII. As explained in the Methods section we have calculated a 'parietal estimate', and this includes the prestriate cortex. The remapping factor for this estimate is roughly two and a half times that in the human compared with the chimpanzee brain ( table 3 ) .
The prefrontal cortex does not receive direct inputs from the striate cortex. Instead it derives its cortical inputs from the parietal and temporal cortex Pandya, 1999, 2002] . The prefrontal cortex acts to integrate information from these areas so as to establish the current context [Passingham and Wise, 2012] . The fact that the scaling is isometric in monkeys suggests that the amount of prefrontal tissue that is needed for this purpose is a function of the amount of information that it receives from the parietal and temporal cortex.
However, there is a step change in the remapping factor in the chimpanzee brain, and then again in the human brain ( table 3 ) . The factor is around sixty percent greater between the macaque and the chimpanzee, and again around sixty percent between the chimpanzee and the human. The implication is that, compared with a chimpanzee or macaque monkey brain, the human prefrontal cortex is especially equipped to integrate information about the context. We suggest in a later section that this includes the integration of information about different relations.
The prefrontal cortex specifies the spatial and object goals of action [Yamagata et al., 2012] . These can include a series of goals as in planning [Mushiake et al., 2006] or performing [Shima et al., 2007] sequences of action. These in turn are achieved by the operation of the premotor and motor areas to which the prefrontal cortex projects [Wang et al., 2002; Takahara et al., 2012] . The prefrontal cortex should therefore also be considered in relation to its outputs. The remapping factor from prefrontal to frontal motor areas is nearly four times as large in the human as in the chimpanzee brain ( table 3 ) . The implication is that, compared to the chimpanzee or macaque monkey brain, the human brain is especially equipped to generate a series of goals.
Limitations of the Study
It is a limitation of the study that the remapping factors have been worked out in terms of tissue rather than cell numbers. For remapping, what matters is the number of cells that are available in higher areas for processing the inputs from earlier areas. While we have data on average cell density for a range of primates including humans [Herculano-Houzel et al., 2007] , we need data on the number of cells in each functional area. It is clear from the work of Ribeiro et al. [2013] that in the human brain the density of cells decreases as one moves anteriorly in the brain, being at its lowest in the anterior sections. It is also clear that in the human brain the cell density in the frontal polar cortex is particularly sparse [Semendeferi et al., 2010; Spocter et al., 2012] . Thus, it could be that if, for example, cell numbers were available for the prefrontal and temporal cortex, it might turn out that the human remapping factor does not stand out in terms of cells, though it does in terms of tissue.
Whether the calculation is in terms of tissue or cells, it provides no information about the degree to which information from different inputs can be integrated onto single cells. Yet Passingham and Wise [2012] have stressed the importance of the prefrontal cortex in integrating inputs from posterior areas. The inputs terminate on the dendritic spines, and measurements have been taken of the number of these on layer III pyramidal cells in the human and chimpanzee brain [Bianchi et al., 2013] . However, it is important to calculate the remapping factors for these between prefrontal and other areas because this corrects for differences in cell size that are due to differences in overall brain size. For the number of spines in area 10 compared with visual area 18, the figures for the remapping factors are on average 1.31 in the human brain and 2.36 in the chimpanzee brain, though it is clear from the statistical analyses in the paper that the differences between species are not significant. The figures for the remapping factors for area 10 versus motor cortex area 4 are 1.64 in the human brain and 2.42 in the chimpanzee brain. These figures do not suggest greater prefrontal integration onto pyramidal cells in the human brain.
Conclusions
Our allometric analyses suggest that the prefrontal cortex is indeed enlarged in the human compared with the chimpanzee brain. However, it also appears to be especially enlarged in the great ape brain compared with the brains of monkeys. We suggest that modern humans and great apes form two distinct grades, and that they both differ from monkeys.
Our analysis of the remapping factors suggests that these differences have consequences for processing capacity. However, further work is needed to check whether the differences hold up when the number and size of the cells is taken into account.
In the article by Passingham RE and Smaers JB, entitled 'Is the prefrontal cortex especially enlarged in the human brain? Allometric relations and remapping factors' [Brain Behav Evol 2014; 84:156-166, DOI: 10.1159 /000365183], Passingham and Smaers used the confidence interval on the intercept as the criterion for identifying an outlier. They wrongly stated that this was the procedure adopted by Barton and Harvey [2000] and Barton and Venditti [2013] . In fact Barton and Venditti [2013] used the prediction interval for the individual value as this accounts for uncertainty in both the intercept and the slope [R.A. Barton, pers. commun.] . When the data used by Passingham and Smaers are analysed using the confidence intervals accounting for the uncertainty of the intercept and the slope, the results hold.
